polycystic kidney disease; ADPKD; extracelluar matrix; interstitial filrosis; epithelial AUTOSOMAL DOMINANT POLYCYSTIC KIDNEY DISEASE (ADPKD) is a hyperplastic disorder in which aberrant growth of tubule epithelial cells causes the formation of fluid-filled cysts, massively enlarged kidneys, and progressive loss of renal function. ADPKD is caused by mutations in PKD1 or PKD2 (26, 37, 52) . Polycystin-1 (PC-1) and polycystin-2 (PC-2), products of these genes, form a signaling complex implicated in a variety of cell functions. The processes by which mutations in these genes initiate cyst formation remain unclear. In ADPKD, progressive enlargement of renal cysts has features in common with neoplasms, including aberrant cell proliferation, disordered extracellular matrix composition and deposition (53) , and increased angiogenesis (3) . Although cysts are benign neoplasms, they ultimately cause renal insufficiency through extensive nephron loss and replacement of adjacent parenchyma with fibrosis. The mechanisms by which cysts destroy the kidneys are poorly understood.
To determine potential pathways through which cyst epithelial cells contribute to the loss of renal structure and function, we used differential microarray analysis to compare autonomous gene expression in cultured ADPKD and normal human kidney (NHK) cells. Mural epithelial cells cultured from cyst walls closely reflect the functions of cystic cells in situ (2, 10, 25, 27, 28, 45, 46, 50, 54, 56 -59) . As noted in earlier studies (21, 41, 53) , mRNAs of several genes involved in tissue remodeling were elevated in cystic cells compared with normal cells. Here, we show that periostin, formerly named osteoblast specific factor-2 (OSF-2 Genbank D13665), was one of the most highly overexpressed genes in cyst epithelial cells compared with normal tubule cells. Periostin is a 90-kDa extracellular protein that was initially identified in osteoblasts and shares structural homology to ␤ig-H3, a 68-kDa transforming growth factor (TGF)-␤1 inducible protein, and fascilin, a neural adhesion protein in insects (19, 23, 44, 48) . These proteins have highly conserved fascilin-1 (fas-1)-like repeats that are essential for their interaction with cell surface integrins (22) . Although the explicit function of periostin is unclear, a variety of tissues including bone, heart, and kidney express periostin during development and tissue remodeling (38, 43) . High periostin levels were found in the nephrogenic zone of the embryonic kidney, suggesting a role in tubulogenesis and vasculogenesis (20) ; however, periostin does not appear to be essential for normal renal function (47) .
Periostin binds ␣ V -integrin and activates integrin-linked kinase (ILK), a component of the focal adhesion plaques (7) , and has been associated with the regulation of a diverse array of cell functions, including cell adhesion, proliferation, migration, survival, and differentiation (1, 13, 19, 23, 39, 40) . Periostin is highly expressed in epithelial neoplasms, including ovary (13), breast (42) , and colon (1) cancers, and it is thought that periostin enhances tumor growth by stimulating cell proliferation and cell survival and by promoting angiogenesis.
In the current study, we explored the expression and functional action of periostin in tissues and cultured cells derived from cystic kidneys of ADPKD patients. The results lead us to conclude that periostin is an autocrine mitogen that is synthesized by cyst epithelial cells and is involved in the pathogenesis and progression of ADPKD.
METHODS

Primary cultures of human kidney epithelial cells. Primary cultures of ADPKD and NHK cells were generated by the PKD Biomaterials
Research Core Laboratory at the Kansas University Medical Center (KUMC). ADPKD kidneys were obtained from the surgery department at KUMC or hospitals participating in the Polycystic Kidney Research Retrieval Program. Normal regions of human kidneys, confirmed by histological examination, were collected from nephrectomy specimens. The protocol for the use of discarded human tissues complied with federal regulations and was approved by the Institutional Review Board at KUMC.
The collection of tissue and cyst fluid was performed, while the kidneys were on ice. Primary cultures were prepared as described previously (50) . Cells were propagated in DMEM-F12 supplemented with 5% FBS, 5 g/ml insulin, 5 g/ml transferrin, and 5 ng/ml sodium selenite (ITS) and penicillin G and streptomycin (P/S). AD-PKD and NHK cells were epithelial (31, 50) and stained Arachis hypogaea and Dolichos biflorus (55) and antibodies to aquaporin-2 (32), markers for collecting ducts and distal tubules.
Cyst fluid was collected at the time the tissues were harvested. Cyst fluids were cleared of cellular debris by centrifugation (3,200 g), and aliquots were frozen at Ϫ20°C.
RNA extraction and microarray analysis. NHK and ADPKD cells were grown in media containing 0.002% FBS for 24 h, and total RNA was isolated in a buffer containing ␤-mercaptoethanol and precipitated in EtOH. Total RNA was loaded onto the column of an RNeasy Mini Kit (Qiagen) and eluted with RNase free water. RNA quality was verified using an Agilent Bioanalyzer (Santa Clara, CA), and cDNA was synthesized by the Affymetrix Gene Core facility at KUMC. Human genome U133 Plus 2.0 Affymetrix chips (Santa Clara, CA) was used to compare relative expression of 38,500 known human genes between ADPKD and NHK cells.
Quantitative real-time PCR. cDNA was synthesized from total RNA using the Invitrogen SuperScript III first-strand synthesis system for RT-PCR. Relative expression levels were determined by SYBR green real-time PCR using a SmartCycler (Cepheid, Sunnyvale, CA). The threshold cycle (C t), the cycle number at which amplification crossed a fixed threshold, was determined for periostin, ␣V-integrin, and GAPDH, a housekeeping gene. The amplification efficiencies were 1.88, 1.75, and 1.85, respectively. Relative quantification was calculated using a comparative CT method. Periostin, ␣V-intergrin, and GAPDH primers were obtained from SuperArray (Frederick, MD).
Production of anti-periostin IgY antibody. IgY antibodies offer several advantages over conventional antibodies raised in mammals (5) . Due to phylogenetic differences, mammalian proteins are more immunogenic in birds than in mammals causing a better antibody response and longlasting IgY titers in the egg yolk from immunized hens. Anti-human periostin IgY was generated by Affinity BioReagents (Golden, CO) using a peptide homologous to a hydrophilic region located at the C terminus of periostin (KVQGSRRRLREGRSQ) as the immunogen and affinity purified.
Immunohistochemistry. ADPKD and NHK tissues were fixed in 4% paraformaldehyde and embedded in paraffin wax. Sections were deparaffinized and rehydrated in Reveal (Biocare Medical, Concord, CA). Endogenous peroxidase activity was destroyed by incubating sections in 3% H2O2/methanol for 10 min, and then the sections were incubated with a rabbit anti-human periostin antibody (1:1,000; BioVendor, Candler, NC) overnight at 4°C. Sections were rinsed three times with PBS, and the antigen was detected using the Zymed SuperPicTure polymer detection kit (San Francisco, CA). Sections were counter-stained with a hematoxylin solution.
Immunoblot analysis. Soluble proteins were resolved by SDS-PAGE using the BioRad Mini-Protean III cell system (55) and then transferred from the gels to nitrocellulose membranes. Membranes were blocked overnight at 4°C, incubated with rabbit anti-human periostin primary antibody (AbCam, Cambridge, MA) for 2 h at room temperature, rinsed, and incubated in anti-rabbit IgG secondary antibody (Santa Cruz). Proteins were visualized using the ECL system and images were captured for analysis.
Immunoprecipitation. Periostin was immunoprecipitated from growth medium conditioned by ADPKD cell monolayers grown on permeable supports (Transwell Cat No. 3491; CoStar, Cambridge, MA) using a hen anti-human periostin IgY antibody conjugated to agarose beads (Santa Cruz). Imunoprecipitated periostin was detected by immunoblot as described in Immunoblot analysis. A clear advantage of using IgY primary antibody for immunoprecipitating periostin is that the secondary anti-rabbit IgG antibody does not recognize IgY on the immunoblot. This method was also used to detect periostin in pooled cyst fluids from ADPKD kidneys.
Cell proliferation measurements. NHK and ADPKD cells were incubated for 24 h in DMEM-F12 with 1% FBS, ITS, and P/S. The FBS concentration was reduced to 0.002% and ITS was removed for 24 h before the addition of 8-bromo-cAMP, epidermal growth factor (EGF), with or without recombinant periostin (6 wells/condition). After 72 h, cell proliferation was determined by counting cells with a hemocytometer or by the Promega Cell Titer 96 MTT assay method (56) .
Flow cytometry analysis. ADPKD cells were incubated in medium with or without periostin or EGF. Cells were detached from the culture plate with trypsin and treated with 50 g/ml propidium iodide to stain DNA. Cell cycle profiles were analyzed with a Becton Dickinson LSRII flow cytometer and FACS Diva software (Becton Dickinson, Franklin Lakes, NJ). The percentage of cells in S and G2/M phases was determined from the total number of cells (single events Ն10,000).
Measurement of cultured ADPKD cysts. Primary cultures of ADPKD cells (4 ϫ10
3 cells/well) were dispersed within ice-cold type I collagen in wells of a 96-well culture plate (50, 54) . Warming the plate to 37°C caused polymerization of the collagen, trapping the cells within the collagen gel. Defined medium (DME-F12 with ITS, 5 ϫ 10 Ϫ8 M hydrocortisone, and 5 ϫ 10 Ϫ5 M triiodothyronine), supplemented with 5 M forskolin and 5 ng/ml EGF, was added for 3 days to initiate cyst growth. The diameter of cysts after 3 days was Ͻ100 m. EGF was removed, and forskolin with or without periostin was added for an additional 9 days. Outer diameters of cross-sectional images of spherical cysts with distinct lumens were measured using an inverted microscope with a digital camera connected to a video analysis system. Total surface area (SA) of the cysts within each well was calculated from individual cyst diameters (Ն100 m). Experiments were repeated for a total of three cell preparations derived from different ADPKD kidneys.
Human periostin. We expressed full-length (90 kDa) human periostin protein in Sf-9 insect cells using the baculovirus expression system. Cells were infected with baclovirus containing human periostin cDNA with a hexa-histidine tag located on the C terminus (gift from Dr. Xiao-Fan Wang), and cultures were maintained for 72 h. Cells were scraped from the flasks, centrifuged at 2,000 g for 5 min, and resuspended in lysis buffer. Cell lysates were cleared by centrifugation, and full-length periostin was purified using Ni-NTA agarose resin (Qiagen). In addition, we purchased a 75-kDa periostin (BioVendor, LLC), which has an amino acid sequence that is 100% homologous to the 22-669 amino acid sequence of human periostin and contains the four fas-1 domains. A polyhistidine tag (HisTag) replaces the signal sequence, and the truncated protein lacks 142 amino acids of the C terminus.
Statistics. Data are means Ϯ SE. Statistical significance was determined by ANOVA and Student-Newman-Keuls posttest for multiple comparisons or unpaired t-test for comparison between control and treated groups.
RESULTS
Periostin expression in human ADPKD cells. Several structural and soluble extracellular matrix components were overexpressed by ADPKD cyst cells compared with NHK cells (Table 1) . Surprisingly, periostin was one of the most highly differentially expressed genes in the data set. To confirm this observation, we compared periostin mRNA levels in cells derived from ADPKD and normal kidneys by quantitative real-time RT-PCR. Periostin expression, normalized to GAPDH, was 13.6-fold higher in ADPKD cells compared with normal kidney cells (Table 2) , confirming the microarray data.
Periostin is displayed in cyst epithelial cells and adjacent extracellular matrix of human ADPKD kidneys. Immunohistochemistry of human ADPKD kidneys revealed periostin-specific punctuate staining within cyst epithelial cells and intense staining in the extracellular matrix lining the basal surface of most cysts (Fig. 1A) . The intensity of the staining was variable among cysts even within the same kidney, and some cysts did not stain for periostin. By contrast, periostin was not detected in sections of NHK (Fig. 1C) . Immunostaining for periostin was eliminated by incubation of the antibodies with excess competing peptides (Fig. 1, B and D) , demonstrating antigen specificity. A similar staining pattern was observed in two additional ADPKD kidneys.
Periostin accumulates in cyst fluid of ADPKD kidneys. To determine if periostin was present within cyst fluid, we used an anti-periostin IgY antibody to immunoprecipitate periostin from cyst fluid pooled from multiple cysts within ADPKD kidneys and an IgG antibody for detection by immunoblot. Figure 2A displays bands for recombinant full-length (90 kDa) and truncated (75 kDa) periostin that were loaded directly on the gel for immunoblot. A 90-kDa protein was immunoprecipitated from 0.5 ml of cyst fluid, consistent with periostin. Bands for endogenous periostin and recombinant periostin were eliminated by incubation with excess competing (control) peptide (Fig. 2B) . Periostin was detected in cyst fluids of male (n ϭ 2) and female (n ϭ 2) ADPKD patients, ages ranging from 37 to 61 yr (Fig. 2C) . To quantify the periostin concentration in ADPKD cyst fluid, a standard curve using 75-kDa recombinant periostin (concentrations ranging from 10 to 500 ng) was also loaded in the gel; the respective band intensities were used to determine the amount of periostin in 500 l of cyst fluid. The concentrations of periostin in pooled cyst fluids from ADPKD kidneys K223 and K230 were 112 and 328 ng/ml, respectively.
Periostin is secreted by ADPKD cyst epithelial cells.
To determine if ADPKD cells secrete periostin, epithelial cell monolayers were grown on collagen-coated Transwell supports and incubated in DME-F12 supplemented with 0.002% FBS (50) . In the absence of cells, the supports are freely permeable to proteins, including periostin. After cells form a polarized monolayer, secreted proteins accumulate in the media within the upper and lower reservoirs. After 5 days, conditioned media were collected individually from upper (apical, 1.18 ml) and lower (basolateral, 2.25 ml) chambers of the Transwells. Periostin was immunoprecipitated from the conditioned media and detected by immunoblot analysis. A major band was detected at 90 kDa in the apical and basolateral media (Fig. 3A) in accordance with the calculated molecular mass of periostin (48) (Fig. 3B) .
Periostin stimulates ADPKD cell proliferation. To determine if periostin accelerates cell proliferation as it does in cancer (1, 47), we incubated ADPKD cells for 72 h in minimal growth medium containing periostin and determined the relative rate of cell proliferation. Incubation of ADPKD cells with 90-and 75-kDa recombinant periostin (100 ng/ml) increased the number of cells 26.0 Ϯ 8.6 and 23.9 Ϯ 4.6%, respectively, compared with control (Fig. 4A ). These data demonstrate that full-length and truncated periostin increase ADPKD cell proliferation to the same magnitude, consistent with the idea that the conserved fas-1 domains located in the N terminus are required for functional activity of the protein. Concentrations as low as 1 ng/ml periostin (75 kDa) caused a significant increase in the rate of ADPKD cell proliferation (Fig. 4B) .
To determine if periostin promoted cell cycle progression, ADPKD cells were incubated with 75-kDa periostin (250 ng/ml) or EGF (25 ng/ml) for 12 to 48 h. DNA was labeled with propidium iodide for cell cycle analysis. The percentage of cells in S and G 2 /M phases was determined from the total number of cells sorted (Fig. 4C) . Periostin increased the number of cells in S and G 2 /M phases from 18.7 Ϯ 0.01 to 22.7 Ϯ 0.02% (P Ͻ 0.05), and EGF increased the percentage to 24.4 Ϯ 0.01% (P Ͻ 0.05). These data confirm that periostin and EGF individually increased ADPKD cell cycle progression.
To examine further the mitogenic effect of periostin, NHK and ADPKD cells were incubated for 72 h with 100 ng/ml periostin alone or in combination with 100 M 8-bromocAMP or 25 ng/ml EGF. EGF increased ADPKD and NHK cell proliferation rates; however, cAMP only stimulated the proliferation of ADPKD cells (Fig. 5A) , consistent with previ- Total RNA was isolated from primary cultures of NHK and ADPKD cells. RNA was reverse transcribed into cDNA, and equal amounts of cDNA were amplified with a Cepheid Smart Cycler. Relative fold change in periostin expression was calculated by ⌬⌬CT method, where CT is the threshold cycle. Autosomal dominant polycystic kidney disease (ADPKD) and normal human kidney (NHK) cells (n ϭ 2 kidney preparations each) were grown to 70 -80% confluency in 0.002% FBS, and total RNA was isolated for whole genome expression using the Affymetrix GeneChip Human Genome U133 Plus 2.0 Array. SPARC, secreted protein; acidic, cysteine-rich (osteonectin); ␤ig-H3, transforming growth factor (TGF), ␤-induced.
ous observations (18, 54, 56) . Periostin increased ADPKD cell proliferation 40% above control and enhanced cell proliferation induced by either EGF or cAMP. The mitogenic effect of periostin in ADPKD cells was independent of cAMP, since periostin had no effect on intracellular cAMP and periostininduced proliferation was insensitive to H-89, a protein kinase A inhibitor (data not shown). These data suggested that periostin stimulated a pathway unique from the MEK/ERK pathway (55) . In 20 experiments using cells derived from 10 different ADPKD kidneys, periostin increased cell proliferation 27.9 Ϯ 3.1% (P Ͻ 0.001) above control. By contrast, periostin had no effect on the growth rate of NHK cells (Fig.  5B) . In a series of experiments using cultured cells from six normal kidneys, periostin had no effect on cell proliferation (99.3 Ϯ 2.4 vs. 100 Ϯ 0% for the control group).
Effect of periostin on the proliferation of cells from phenotypically normal tubules and cysts of an early stage ADPKD kidney.
In ADPKD, the explicit cyst initiation mechanism remains unclear. Although all cells carry a germline mutation in either PKD1 or PKD2, cysts form in a minority of nephrons. Consequently, in early and intermediate stages of the disease when cysts are relatively small, substantial portions of the kidney may not be cystic. Initiation of cyst formation is thought to require somatic loss or insufficient expression of the normal allele (52) . To determine if periostin stimulates the proliferation of cells from phenotypically normal tubules (heterozygous for the mutated polycystin), epithelial cells were cultured from noncystic and cystic regions of an early stage ADPKD kidney. The serum creatinine level was normal in this patient; however, one kidney was removed for the treatment of severe pain. Periostin had no effect on cells from noncystic regions but increased proliferation 34% in cells derived from the cysts (Fig. 6) . Thus periostin appears to be an autocrine mitogen only in established cysts.
Roles of ␣ V -integrin receptor and TGF-␤ in periostin signaling. Periostin stimulates cell proliferation by binding ␣ Vintegrin and subsequent activation of ILK (7). Using quantita- tive RT-PCR, we found a ninefold higher expression of ␣ Vintegrin in ADPKD cells compared with NHK cells (nϭ 3). To determine if the effect of periostin was mediated by ␣ Vintegrin, ADPKD cells were treated with an antibody that inhibits ␣ V -integrin signaling (7). We found that ␣ V -integrin blockade eliminated the effect of periostin on ADPKD cell proliferation (Fig. 7) .
TGF-␤ is a multifunctional cytokine that regulates cell proliferation, differentiation, and ECM remodeling. Recent evidence indicates that there is cross-talk between ␣ V -integrin and TGF-␤ signaling (17) . ␣ V -Integrin binds and activates latent TGF-␤, which upregulates the expression of ECM, including periostin (9, 19, 48) . We found that TGF-␤ expression was elevated in ADPKD cells compared with normal cells (Table 1) , consistent with a previous study (41) . To determine if TGF-␤ increases periostin expression, we treated NHK and ADPKD cells with 25 ng/ml TGF-␤ for 48 h. TGF-␤ increased periostin mRNA expression 15.8-fold in NHK cells and caused a further 2.2-fold increase in ADPKD cells in which periostin expression was elevated de novo.
Effect of periostin on ADPKD cyst growth in vitro. ADPKD cell microcysts were generated in polymerized collagen gels as reported previously from this laboratory (50, 54) . After cysts formed, agonists were removed, and forskolin, a cAMP agonist, and periostin were added to culture media individually or together. Forskolin stimulated ADPKD cell proliferation and fluid secretion, and it increased the number and size of the cysts (Fig. 8) . Periostin alone had no effect on cyst enlargement even though the compound increased ADPKD cell proliferation (Figs. 4 -7) . On the other hand, periostin enhanced the effect of forskolin on cyst growth. The total number of cysts (Ն100 m) increased from 55 to 68, and the total cyst surface area per well increased by 39%, in keeping with an action to complement cAMP- Fig. 3 . Periostin was detected in apical and basolateral media conditioned by ADPKD cells. Cyst epithelial cells were grown as confluent monolayers on collagen-coated permeable supports (Transwell; CoStar). Serum was reduced to 0.002% and after 5 days conditioned media were collected individually from the upper (apical, 1.18 ml) and lower (basolateral, 2.25 ml) chambers of the Transwell. A: periostin was immunoprecipitated from the basolateral (Bas) and apical (Ap) media using an anti-human periostin antibody and detected by immunoblot. B. Quantification of periostin in conditioned media bathing cell monolayers (n ϭ 12) cultured from three ADPKD kidneys revealed that periostin was secreted into both apical and basolateral compartments (*P Ͻ 0.001, compared with zero); however, the amount of periostin in the basolateral fluid was significantly greater than that in apical fluid. #P Ͻ 0.001, compared with apical PN. Fig. 4 . Effect of periostin on ADPKD cell proliferation. A: ADPKD cells were incubated in control media (Cont) or media containing 100 ng/ml 90-kDa fulllength or 75-kDa truncated (BioVendor) human periostin. Relative rates of cell proliferation were determined by cell count using a hemocytometer and normalized to control. B: ADPKD cells were incubated in the absence and presence of varying concentrations of 75-kDa periostin. Cell proliferation (means Ϯ SE) was determined by a Promega MTT proliferation assay and normalized to control. C: ADPKD cells were incubated with 75-kDa periostin (250 ng/ml) or EGF (25 ng/ml); treated for 12, 24, or 48 h; and stained with propidium iodide to label DNA for cell cycle analysis by flow cytometry. Data represent percentage of cells in the cell cycle (S and G2/M phases) determined from the total number of cells counted (single events Ն10,000); n ϭ 9 experiments using 6 ADPKD kidney cell preparations. Data from 12, 24, and 48 h incubation times were combined since the effect was similar at these time points. Average for each group is indicated by a line. *P Ͻ 0.05, compared with control. induced cell proliferation (Fig. 5) . The lack of an effect of periostin in the absence of forskolin reinforces the view that cAMP-dependent transepithelial fluid secretion is required for cyst expansion in vitro (45, 50) .
DISCUSSION
During kidney development, nephron formation involves a coordinated orchestration of cell proliferation, differentiation, apoptosis, and angiogenesis, processes that are regulated by diverse proteins expressed by tubule epithelial cells. Matrix molecules and autocrine factors play important roles in the growth and elongation of these structures to form tubules with a relatively uniform diameter of ϳ40 m (16). In ADPKD, reduction in PC-1 or PC-2 expression below a critical threshold is thought to cause incomplete cellular differentiation and aberrant expression of proteins, including ECM molecules. Abnormal proliferation, loss of planar cell polarity and transepithelial fluid secretion (4, 11, 15, 35) result in the formation Fig. 5 . Effect of periostin, cAMP and epidermal growth factor on ADPKD and normal kidney cell proliferation. A: 8-bromo-cAMP (100 M) and epidermal growth factor (EGF; 25 ng/ml) stimulated ADPKD cell proliferation, consistent with previous results (56) . Recombinant periostin (PN; 100 ng/ml) increased the rate of ADPKD cell proliferation, an effect that was additive to the response of cAMP or EGF. B: in NHK cells EGF, but not cAMP, stimulated cell proliferation (56) . PN had no effect on NHK cell proliferation in the absence or presence of cAMP or EGF. *P Ͻ 0.001, compared with control. #P Ͻ 0.001, compared with cAMP or EGF alone. Fig. 6 . Effect of periostin on noncystic and cystic cells cultured from an earlystage ADPKD kidney. Primary cultures were generated from tubule epithelial cells cultured from noncystic regions, confirmed by histology examination, and cysts of an early-stage ADPKD kidney (K233). There was no effect of 100 ng/ml periostin on the noncystic cells, whereas PN increased the proliferation rate of the cystic cells. Cell proliferation was determined with the Promega MTT cell proliferation assay (n ϭ 6 wells per condition), and data (means Ϯ SE) were normalized to the control-treated noncystic ADPKD cells. *P Ͻ 0.001, compared with control. Fig. 7 . Effect of ␣V-integrin blockade on periostin-induced ADPKD cell proliferation. Cultured ADPKD cells were incubated in 0.002% FBS control media or media containing 100 ng/ml periostin in the absence or presence of 0.5 g/ml ␣V-integrin "function blocking" antibody. Cell proliferation was determined by Promega MTT cell proliferation assay. ␣V-Integrin blockade prevented PN-induced ADPKD cell proliferation. *P Ͻ 0.01, compared with control. Fig. 8 . Effect of periostin on in vitro cyst growth of ADPKD cells cultured within collagen gel. ADPKD cells were seeded within a collagen gel and incubated in forskolin plus EGF for 3 days to initiate cyst formation. Agonists were removed, and gels were incubated with control media or media containing 5 M forskolin (Forsk) Ϯ 100 ng/ml periostin for 9 days. Total surface area (SA) of cysts (Ն 100 m) per well was determined with a video analysis system attached to an inverted microscope. Forskolin, a direct activator of adenylyl cyclase, stimulated cAMP-dependent cell proliferation and fluid secretion (36, 50) . PN alone had no effect of cyst expansion; however, PN amplified the effect of forskolin. The result was confirmed in a second ADPKD cell preparation (K235). The average fold increase in total cyst SA induced by forskolin in the absence and presence of PN was 3.7 and 6.8, respectively. *P Ͻ 0.001, compared with control. †P Ͻ 0.01 compared with forskolin alone. and progressive expansion of fluid-filled cysts that can increase to several centimeters in diameter.
There is a tremendous accumulation of ECM proteins around renal cysts (8, 53) ; basement membranes that line the cysts become laminated and fragmented; and mononuclear cells infiltrate the interstitial space adjacent to the cysts (29) . These changes are forerunners to functional loss of nephrons and chronic kidney disease. We show here that aberrant expression of ECM molecules is remembered by ADPKD cystic cells in culture (Table 1 ). There was overexpression of structural ECM proteins, including type I and III collagens and laminin, and soluble ECM-associated proteins, including matrix metalloproteinases, TGF-␤, and ␤ig-H3. Surprisingly, mRNA for periostin, a protein originally considered a bone factor, was highly overexpressed in ADPKD cells (Tables 1  and 2 ). We found that periostin was secreted into luminal and interstitial compartments (Fig. 3) , localized within cyst epithelial cells and the subjacent interstitial space of ADPKD cysts in situ (Fig. 1) , and accumulated in cyst fluid (Fig. 2) to concentrations that are biologically active.
Periostin is structurally similar to ␤ig-H3, a TGF-␤ inducible factor, and both proteins are composed of highly conserved fas-1-like repeats, indicating that the proteins share functional overlap (22) . ␤ig-H3 was shown to be involved in the regeneration of proximal tubule cells after injury (33) , and periostin expression was found to be upregulated after vascular injury (23) . The current study, in light of previous work (6, 60) , leads us to think that as cysts expand, they elaborate chemokine, cytokine, and other autocrine/paracrine factors. It is very likely that tissue remodeling, perhaps led by periostin, in association with collagens, laminin, matrix metalloproteinases, and TGF-␤, contributes importantly to renal fibrosis and the decline in renal function in ADPKD.
In ADPKD, mutations in PKD1 or PKD2 confer a cellular phenotype in the proliferation response to cAMP that is not present in normal renal cells. cAMP agonists stimulate the MEK/ERK pathway and proliferation of ADPKD cyst cells (12, 18, 49, 51, 54 -57) , and cAMP is equally potent and complimentary to growth factor stimulation (14, 30, 34, 55) . In this study, we found that periostin increased ADPKD cell proliferation (Fig. 4) and in vitro cyst expansion ( Fig. 8 ) but had no effect on the proliferation of normal cells (Fig. 5B) . This mitogenic effect of periostin was additive to cAMP or EGF (Fig. 5A) , suggesting that integrin signaling independently contributes to the overall proliferation rate. Normal appearing tubule cells cultured from noncystic regions of ADPKD kidneys were insensitive to periostin (Fig. 6 ) and cAMP (54) ; thus cyst epithelial cells have a unique functional phenotype in response to periostin and cAMP that is absent in normal cells.
Periostin binds ␣ V -integrins (␣ V ␤ 3 -and ␣ V ␤ 5 -integrins), leading to activation of ILK, a serine/threonine protein kinase. ILK inhibits GSK-3␤, leading to ␤-catenin stabilization, increased levels of nuclear ␤-catenin, and activation of T cell factor/lymphoid enhancer binding factor (TCF/LEF), a transcription factor involved in cell proliferation (13, 47) . ILK has also been shown to activate Akt causing a decrease in expression of p27 Kip1 , a cell cycle kinase inhibitor (1) . Thus periostin promotes cell proliferation through its action on ␣ V -integrin receptors. In ADPKD cells, ␣ V -integrin was highly overexpressed compared with NHK cells and inhibition of ␣ V -integrin with a blocking antibody inhibited the effect of periostin on cell proliferation (Fig. 7) . Elevated expression of ␣ Vintegrin may cause ADPKD cystic cells to become sensitive to the mitogenic effects of periostin; thus periostin acts as an autocrine factor to promote the growth of only established cysts.
Expression of ␣ V -integrin increases the level of activated TGF-␤ (17, 24) . In ADPKD, overexpression of ␣ V -integrin and its stimulation by periostin may activate latent TGF-␤ and subsequently increase the production of ECM molecules, including periostin. Thus periostin may be an important factor involved in interstitial fibrosis.
In summary, our study supports the hypothesis that aberrant expression of ECM molecules, including periostin, accelerates cyst growth and contributes to structural changes in the kidney, including interstitial fibrosis. Periostin was highly overexpressed in human ADPKD cyst-lining cells compared with normal cells and accumulated within the interstium and cyst fluid of ADPKD kidneys in situ. Periostin stimulated ADPKD cell proliferation via ␣ V -integrin signaling and increased in vitro cyst growth. We conclude that periostin is a novel autocrine mitogen with the potential to accelerate cyst growth and promote interstitial remodeling in ADPKD.
